Novel Pd and Pt SCS-pincer complexes with an azulene unit were synthesized from the reaction of a metal precursor with an azulene molecule having two thioamide moieties. The crystal structures of the complexes were confirmed by X-ray diffractional study. Their structural and optical properties were investigated in comparison with those of related complexes with a benzene and pyrrole unit by NMR and UV/Vis spectroscopy.
Introduction
Pincer complexes of group 10 metals have been intensively investigated in the fields of catalysis and material science.
1 Pincer complexes generally have a tridentate ligand (ECE ligand) composed of a cyclometallating carbon and donating groups such as PR 2 , NR 2 and SR. We have investigated pincer complexes bearing thioamide moieties as a donating group. [2] [3] [4] The strong interaction between the thioamide group and transition metals allows the formation of stable SCS-pincer complexes with a central benzene unit from a reaction under mild conditions (A in Scheme 1). The flexible structure and strong coordination of the thioamide moiety in the pincer ligand make it possible to obtain SNS-pincer complexes with a central pyrrole unit 5 (B in Scheme 1), which is unstable in the case of another donating group because the five-membered pyrrole unit destabilizes the chelating M-E bond owing to steric strain. 6 The high capability of the thioamide-based ligand motivated us to synthesize a new pincer ligand with an azulene unit, which affords an SCS-pincer complex with a five-membered central unit (C in Scheme 1). Azulene is a nonbenzenoid aromatic compound consisting of a cyclopentadiene ring fused with a cycloheptatriene ring, which exhibits a blue color owing to the unique π-electron system. Azulene derivatives are utilized in the fields of optical materials, 7 conducting polymers 8 and colorimetric sensors of small molecules. 9 From the viewpoint of organometallic chemistry, azulene derivatives are recognized as conjugated π-ligands, which allow several coordination modes such as η 3 and η 5 . 10 In contrast, there are limited examples of a single bond existing between a transition metal and a carbon atom in an azulene moiety owing to the large number of π-electrons having coordinative ability. Lash et al. reported Ni(II), Pd(II) and Pt(II) complexes with porphyrin derivatives incorporating an azulene unit (azuliporphyrins), which have a single bond between the transition metal and the azulene. 11 However, there is no example of a pincer 3 complex with an azulene unit to the best of our knowledge. Since one of the resonance structures of azulene can be described as a fused ring of a cyclopentadienyl anion and a cycloheptatrienyl cation (D in Scheme 1), the pincer complex is expected to undergo an interesting interaction between the electron-rich cyclopentadienyl anion moiety and the metal center through the carbon-metal bond and through the thioamide moiety. We here report the syntheses and crystal structures of the pincer complexes with the azulene unit as well as their optical properties. DFT calculations were performed to analyze the optical properties.
Results and discussion

Synthesis and NMR study
The pincer ligand with thioamide groups 1 was synthesized by the reaction of the corresponding amide molecule 12 with Lawesson's reagent. 13 The reaction of ligand 1
with PdCl 2 and LiCl in methanol at the reflux temperature yielded palladium-κ 3 SCS pincer complex 2 with a 77% yield (Scheme 2). Similarly, Pt complex 3 was obtained with an 85% yield from the reaction of 1 with PtCl 2 (PhCN) 2 in acetonitrile at 65 °C.
Referenced compounds 4 and 5 were synthesized by a method similar to that previously reported. Compounds 1-3 were characterized by 1 H NMR, IR, mass spectroscopy and elemental analysis. The resonance of the C-H proton between the thioamide groups in ligand 1 (7.47 ppm) disappeared in the spectra of 2 and 3, which proves the C-H bond activation at this position. In the 1 H NMR spectrum of 1, the resonance of a -CH 2 NCH 2 -moiety in the piperidyl group appears nonequivalently at 4.47 and 2.78 ppm. The nonequivalence is probably due to the slow rotation of the piperidyl group owing to the contribution of the C=N double-bond character in the thioamide group, which is caused by the charge transfer from the N atom to the S atom as described in the literature (E in Scheme 3). 14 However, in the case of complexes 2 and 3, the corresponding methylene resonance equivalently appears as a slightly broad resonance at 4.13 ppm for 2 and 4.14 ppm for 3. These results indicate the small contribution of the C=N double-bond character in the pincer complexes in comparison with that in the ligand. When the thioamide group is effectively conjugated to the azulene unit, the deviation of charge distribution may occur through the azulene unit to the thioamide unit because of a stable aromatic cycloheptatrienyl cation (F and G in Scheme 3). According to the results of our NMR study, the coordination is likely to enhance the conjugation between the thioamide and azulene moiety, which weaken the C=N double-bond character. 
Crystal structures
The solid-state structures of 1-3 were determined by X-ray diffractional studies.
Dark blue single crystals of 1 suitable for X-ray diffraction study were obtained by the slow diffusion of hexane into its solution in CH 2 Cl 2 . In the solid state, ligand 1 has a crystallographic mirror plane ( Figure 1a ). Single crystals of 2 and 3 were obtained by recrystallization from DMF/ethanol. Complexes 2 and 3 crystallize in the monoclinic space group P2 1 /n with a solvating DMF molecule (Figures 1b and 1c) . Each metal center has a distorted square-planar geometry. indicating ineffective conjugation and localization of the charge on the nitrogen atom. Table 1 Figure 2 To discuss the effect of the central azulene unit, the crystal structure of Pd complex 2 was compared with those of SCS-pincer complex 4 and SNS-pincer complex 5.
Selected bond lengths and angles of 4 and 5 are also shown in Table 1 . In terms of the bond length between the Pd center and the cyclometallating atoms, C1 and N3, azulene complex 2 (1.918 Å) and pyrrole complex 5 (1.938 Å) have shorter M-C or M-N bond， respectively, than the benzene complex 4 (1.961 Å) ( Figure 2 ). The bond length mainly depends on the structure of the central unit, which is five-membered ring or six-menbered ring. The ideal angle of a substituent on a five-membered ring is 126°, which is larger than that of a six-membered ring (120°). In fact, the angle of C1-C2-C7 in ligand 1 is 125.9°. The large angle induces steric strain on the metallacycles and pulls the metal center close to the central unit. This steric strain on the metallacycle is expected to be the origin of the short Pd-C bond in azulene complex 2. The steric strain on 2 is also confirmed by the small S1-Pd-S2 angle (166.0°) compared with that in 4 (170.8°). Recently, Bourissou et al. reported a pincer Pd complex bearing a 2-indenylidene unit with thiophosphonyl sidearms. 15 Although the 2-indenylidene unit has a five-membered ring, the Pd-C bond is relatively long (1.984 Å), presumably due to the long S=P bond in the thiophosphonyl sidearm, which reduces the steric strain. On the other hand, the Pd-Cl bond length should depend on the electron-donating effect of the cyclometallating atom at the trans position, the so-called trans influence. 16 Since complexes 2 and 4 have longer Pd-Cl bonds (2.3957 and 2.3973 Å) than complex 5 (2.3159 Å), the cyclometallating carbon atom has a stronger donating property than the nitrogen atom. which can be assigned to the π-π* transition of the azulene moiety ( Figure 3a) . 17 The absorption spectra of complexes 2 and 3 exhibit a bathochromic shift of the intense absorption to 350 and 353 nm, respectively. The bathochromic shift of the π-π* transition is presumably due to the effective conjugation between the azulene and the thioamide moiety by the metallation, which is observed in the crystal structures. In addition to the π-π* absorption, Pd complex 2 exhibits weak absorption at 480 nm and broad absorption up to 600 nm. The spectrum of Pt complex 3 exhibits broad absorption up to 650 nm. The absorbances in the long-wavelength region were assigned on the bases of DFT calculations (see below). Figure 4 shows the absorption spectra of Pd complexes 2, 4 and 5 in order to compare the effect of the central structure on absorption. Owing to the central benzene and pyrrole structures of 4 and 5, the absorption of the π-π* transition is weaker than that of the azulene complex. The absorptions of complexes 4 and 5 reach 500 and 450 nm, respectively, which are shorter wavelengths than that for complex 2. The effect of the central structure on the absorption spectrum was also investigated by performing DFT calculations. shown in Figure 3a . Table 2 shows the main electronic singlet-singlet vertical excitations, their oscillator strengths and their corresponding assignments. Figure 5 shows contour plots for the molecular orbitals of 1-3, which are related to significant transitions with large oscillator strengths (f>0.01) in the low-lying electronic transitions.
The results show that the HOMO, LUMO and LUMO + 1 of 1 are localized on the azulene unit and sulfur atoms with π character. The HOMO -2 of 1 is localized on the azulene unit with a significant contribution of the lone pair of electrons on the sulfur atom. On the basis of the calculation, a ππ* transition (HOMO to LUMO + 1) and nπ* transition (HOMO -2 to LUMO) were observed at 465 and 457 nm, respectively ( Table   2 ). The calculated absorption at about 460 nm accounts for these two transitions, which is probably related to the absorption at 415 nm in the measured spectrum (Figure 3 ). Anhydrous THF and DMF were purchased from Kanto Chemical and used as a dry solvent. 1,3-Bis(piperidinocarbonyl)azulene 12 and Pd complex 4 3b were prepared according to the literature methods.
1,3-Bis(piperidinothiocarbonyl)azulene (1).
A mixture of 1,3-Bis(piperidinocarbonyl)azulene (90 mg, 0.22 mmol) and
Lawesson's reagent (177 mg, 0.44 mmol) in anhydrous THF (5 mL) was heated under reflux for 15 h in a nitrogen atmosphere. After cooling to room temperature, the product was isolated by column chromatography on silica-gel using CHCl 3 as an eluent (111 mg, 84% 194.0, 139.9, 137.3, 136.1, 133.3, 129.4, 125.7, 53.8, 50.7, 27.4, 25.8, 24 .3. FT-IR (KBr, cm -1 ) 3003, 2935, 2853, 1591, 1573, 1480, 1440, 1413, 1367, 1237, 1132, 1022, 1006, 746 Chloro [2,6-bis(piperidinothiocarbonyl-κS) 
To a solution of PtCl 2 (PhCN) 2 (16 mg, 0.031 mmol) in CHCl 3 (1 mL) was added ligand 1 (17 mg, 0.043 mmol) in acetonitrile (3mL). The mixture was stirred at 65 °C for 18 h in a nitrogen atmosphere. After cooling to room temperature, the precipitate was collected by filtration and washed with MeOH (22 mg, 85% To a mixture of sulfur (S 8 ) (65 mg, 2.0 mmol) and piperidine (0.24 mL, 2.4 mmol) in anhydrous DMF (4 mL) was added pyrrole-2,5-dicarbaldehyde (100 mg, 0.81 mmol). : C 59.77, H 7.21, N 13.07 ; Found C 59.66, H 7.02, N 13.01 .
Chloro [2,6-bis(piperidinothiocarbonyl-κS) pyrrole-κN]palladium (5) .
To a solution of PdCl 2 (12 mg, 0.068 mmol) and LiCl (5.9 mg, 0.14 mmol) in MeOH (3 mL) was added 1,3-bis(piperidinothiocarbonyl)pyrrole (20 mg, 0.062 mmol).
The mixture was heated under reflux for 10 h in a nitrogen atmosphere. After cooling to room temperature, the precipitate was collected by filtration and washed with MeOH (21 mg, 73% 142.7, 115.7, 53.7, 26.4, 25.7, 23.4 H 4.80, N 9.09, Cl 7.67, S 13.87; found C 41.31, H 4.60, N 9.13, Cl 7.74, S 13 .66.
Computational Details.
The geometrical structures were optimized at the B3LYP for 1 and the B3PW91 level for 2-5 with LANL2DZ basis set implemented in Gaussian 03 program suite. [18] [19] Using the optimized geometries of 1-3, TD-DFT calculations were performed at the B3LYP for 1 and the B3PW91 level for 2-5 to predict their absorptions.
Crystal structure determination.
Crystals of 1, 2, 3 and 5 for X-ray analysis were obtained as described in the preparations. Intensity data were collected on a Rigaku R-AXIS Rapid diffractometer with Mo Kα radiation. Crystals were mounted on glass capillary tubes. Crystallographic data and details of refinement of the complexes are summarized in Figure 1 . ORTEP drawing of (a) 1, (b) 2 and (c) 3 with thermal ellipsoids shown at the 30% probability level. Hydrogen atoms and solvating molecules are omitted for clarity. Atoms with asterisks are crystallographically equivalent to those having the same number without asterisks. 
